Conventional pressure reducing valves (PRVs) are often used in water distribution systems for pressure control and water loss reduction. Nevertheless, depending on the conditions in the network, advanced pressure management approaches might be more suitable. In this study, the potential water loss reduction for an intelligent system that combines PRVs and pumps as turbines (PATs) in a pilot study in Germany was estimated. The aim of the proposed system is to recover the pressure energy in the supply network by transforming it into electricity and, at the same time, contribute to the reduction of water losses and material stress. In order to evaluate the pressure situation and predict the water savings of the different pressure management strategies in the studied supply area, hydraulic modelling was used. Using the calibrated model, the optimal outlet pressure for the installed PRV and for the intelligent pressure control system was calculated, taking into account the pressure at the critical point as a boundary condition. Furthermore, the pressure-dependant leakage flow was simulated using the emitter coefficient feature in EPANET. Here, a pressure exponent of 1.5 was used, assuming uniform background leakage along the distribution system. For the analysed network, 28.5% and 45% water savings are expected for the fixed and for the advanced pressure management strategy, respectively. The predicted water savings and the leakage assumptions are to be verified either on field or experimentally. This study concludes that hydraulic modelling is essential for assessing water supply networks, as well as for optimizing current pressure management strategies and predicting its benefits.
INTRODUCTION
In the past 20 years an enhanced management of water and energy resources has been approached in the drinking water sector as well. Demographic and climate change and the aging supply networks are important drivers to be mentioned here. In Germany, as an industrialized nation, technologies for a more effective and economical energy use are being demanded nowadays. Examples are the optimization of the water distribution (i.e. pump operation) or the use of the surplus energy in the tank filling or in transport pipelines by using turbines or pumps as turbines (PATs) [1] [2] [3] . Despite this, the reduction of the water losses (which in Germany account in average for 7.6% of the water feeding volume [4] ) and the adequate rehabilitation of the water networks are still the most important challenges for water supply companies.
In the past years, many authors have analysed in several publications the relationship between leakage and pressure within water distribution systems [5] [6] [7] [8] . It is well known that the management of the pressure in the network in combination with an optimal repairing and rehabilitation planning plus an active leakage control, are the fundamentals of an effective strategy to curtail water loss [6] . For controlling the pressure in the network, preventing water stress in pipelines and armatures and avoiding new bursts in the grid, pressure reducing valves (PRVs) are commonly used. Conventional fixed outlet PRVs reduce the inlet pressure (p in ) to a defined value (p out ) and deliver a constant operational pressure, independent of the water demand [9] . For an enhanced pressure management, more advanced technologies, socalled time-modulated (a), flow-modulated (b) or remote-controlled (c) pressure control devices can be installed. The main idea here is to reduce the pressure (a) depending on day time and off-peak periods , (b) on the water consumption and (c) on the actual pressure at one or multiple critical points within the supply area [10, 11] . The decision whether to apply conventional PRVs or an advanced pressure management device depends strongly on the conditions within the supply area, like the amount of water losses, the available personnel, the investment costs and so on.
In this study, the water loss reduction in a pilot study area in northern Germany was estimated for a fixed-outlet and for an advanced (remote-controlled) pressure management. For this, the optimum pressure values were determined using hydraulic modelling in EPANET 2.0 [12] . The amount of water loss that is dependant on the operational pressure in the network was assessed using the emitter coefficient in the calibrated model, as proposed by Walski and Karadirek [13, 14] . The findings of this study may serve as a decision support for the implementation of pressure management strategies in water distribution systems, like conventional PRVs or more advanced systems (i.e. PATs for additional energy recovery). This study took place in the frame of the research project EWID (abbreviation in German for "Energy recovery in the water distribution system by intelligent pressure management"), where PATs take over the function of PRVs, with the aim of recovering the pressure energy in the supply network by transforming it into electricity [15] . The proposed system is composed of a pressure control unit (PRV) plus an energy production unit (PAT) located in the bypass, and a control unit for an intelligent pressure management. The goal here is to maximize the energy production and at the same time to develop a remote-demand-based pressure management. Currently, the energy recovery is evaluated within a small-scale test stand developed for this purpose at the University of the Federal Armed Forces Munich. The research project EWID is sponsored by the German Federal Ministry of Education and Research in the framework of the program Future-oriented Technologies and Concepts for an Energy-efficient and Resourcesaving Water Management -ERWAS. The project started on April 2014 and ends on March 2017.
METHODOLOGY 2.1 Case study
The analysed supply area, with 1,200 inhabitants and 940 service connections, is located in a rural area in northern Germany. The water distribution system as shown in Fig. 1 comprises 27 km water pipelines (without service connections) mainly of PVC and cast iron. Characteristic of the area are its high elevation differences, starting from 401.0 m at the feeding tank (tank 1), up to 155.0 m at the lowest point in the supply area (at village D). For avoiding high operational pressures in the system, two PRVs are installed in the villages A and B, respectively. Due to the hydraulic and geodetic situation, the system is divided into 4 pressure areas. The water supply company selected the PRV 1 for implementing the PAT-system proposed by EWID, in order to improve the pressure management and the energy efficiency in the system.
In order to analyse the water balance in the network, the supply area was divided into two district metered areas (DMA) with the storage tank 2 as the boundary between DMA 1 and DMA 2. On June 2015, the water outflow from tank 1 Q T1 and the inlet and outlet pressures at PRV 1 (p in and p out ) were recorded for evaluating the flow and pressure parameters in DMA 1(see Fig. 2 ).
Furthermore, Q T1 and the minimum night flow Q MNF were used for estimating the water losses, as no water balance data was available for the complete distribution system. Here, the water volume lost due to physical leakages in mains, storage tanks and service connections (defined as real water losses, Q RL ) was derived from the measured data , as recommended by the German Technical and Scientific Association for Gas and Water (DVGW):
with Q RL = real water losses, Q MNF = minimum night flow, Q rest = rest water consumption = 0.6-0.8 m³/h per 1,000 inhabitants, q RL = specific real water losses and L N = network length without service connections [16] . The calculated specific real water loss q RL of 0.12 m³/(h*km) correlates with the estimation provided by the water supply company and comprises 80%-85% of the minimum night flow. According to German reference values, the water loss volume is high for typical rural regions [16] .
Hydraulic modelling
EPANET 2.0 was used to analyse the hydraulic situation in the studied supply area and for predicting the potential water loss reduction by implementing an advanced pressure After the hydraulic model was established, the calibration of the model was performed by comparing the modelled and measured data, according to the DVGW [17] . For this, the pressure and the water inflow of each village were recorded using data loggers at strategic nodes in the network during two days. The aim here was to find the correct friction coefficient of the pipelines and to verify the input data. The model calibration included the performance of two artificial flush events with about 50 m³/h in order to verify the head loss at the selected nodes for steady-state conditions. The pipe roughness was adjusted by trial and error until a maximum mean error of 2 m for the pressure heads was achieved.
Leakage modelling
With the aim of predicting the potential water loss reduction by improving the pressure management in the studied supply area, the amount of water losses was modelled in EPANET, for a fixed outlet pressure control (conventional PRV) and an advanced pressure management (critical point approach). For this purpose, the flow emitter was used for modelling the relationship pressure -leakage, as recommended by Walski and Karadirek [13, 14] . Here, the flow rate Q through an orifice is described as a function of the pressure in the node as:
with C = leakage coefficient, P = nodal pressure and γ = pressure exponent. In EPANET, the pressure exponent γ is defined with the default value of 0.5, appropriate for modelling nozzles and sprinklers. Nevertheless, for modelling leakages, a higher value might be more suitable, as reported by many authors in publications and field studies on leaks in water distribution systems in different countries [6, 8, 18] . The authors conclude that γ varies from 0.5 to 2.5, depending on the pipe material and the orifice area and suggest, that undetectable background leaks show higher pressure exponents than reported pipe bursts. For background leakage, a value of 1.5 is usually applied, as the leakage area expands proportionally with an increase in pressure [18] . In the present study, a mean value of 1.5 was chosen. This value was estimated taking the pipe material -mainly PVC -into account and assuming mostly the background leakage uniformly distributed along the supply area. For simplifying the leak modelling, the leakage was placed at a single node located at an average elevation in the DMA. 
RESULTS

Critical point and optimal outlet pressure for PRV 1
The calibrated hydraulic model was used for evaluating the temporal and spatial changes of water pressure and flow in the studied water distribution system. At first, the current situation in DMA 1 was analysed to identify the critical point in the area. In general, depending on the topography of the water system, the critical point might be defined as:
• the point, where the operational pressure might fall below the minimal value more likely, for instance, the highest points in the network; or
• the point, where the resting pressure might exceed the maximum value more likely, for instance, the lowest point in the network.
Due to the topography in the studied pilot area, the critical point was identified as the lowest point in the system, at node 141 in village B. At this point, a resting pressure of 8 bar must not be exceeded for preventing material stress and increased abrasion in the pipelines and armatures [19] .
Subsequently, for evaluating the impact of pressure management at PRV 1, the pressure at the critical point was simulated for: a. The current situation, with an outlet pressure p out of 4.0 bar. b. An enhanced fixed outlet strategy, with an outlet pressure p out of 2.0 bar. c. An advanced pressure management (critical point approach, remote controlled). For this, the optimal outlet pressure curve (p out _ dyn ) was calculated using the calibrated model, for achieving a constant pressure of 8 bar at the node 141 at every hour of the day. The dynamic outlet pressure curve was implemented using the CONTROLS feature in EPANET.
The results for the simulations a, b and c are presented in Fig. 4 .
Water loss reduction due to pressure management
In order to compare the different pressure management strategies regarding the water savings, the current real water loss Q RL (0.50 l/s) was simulated using the emitter coefficient in EPANET. Later, the pressure dependant leakage flow was determined by comparing the water inflow in DMA 1 for the fixed outlet and for the advanced pressure management approach. The results are presented in Table 1 .
As shown in Table 1 , high water savings can be achieved in DMA 1 for both applied pressure management strategies, when assuming all real water losses as background leakages (pressure exponent of 1.5). Furthermore, by implementing an advanced approach (critical point approach, remote controlled) additional water savings of 16.5% are expected.
Regarding the costs of the different approaches, the application of advanced pressure management strategies must be well thought of. For this, it is essential to previously assess and evaluate each DMA in detail. In general, the implementation of intelligent pressure management strategies will be feasible in supply networks with large differences between night and daytime water demands. In areas with low consumption differences, the additional savings might be marginal [20] .
In this study case, the proposed advanced pressure system is composed of a pressure control unit plus an energy production unit located in the bypass, and a control unit for an intelligent pressure management. The goal here is to maximize the energy production and at the same time to develop a demand-based pressure management system. This will ensure that the benefits do not rely not just on the reduction of the water losses and the material stress in the water distribution network. The main goal of the EWID system is the overall improvement of the energy efficiency in the network.
4 CONCLUSIONS Pressure management might be very important in water distribution systems with high differences in altitude (e.g. mountainous regions), especially in networks with high operational pressures. A maximal resting pressure value of 8 bar, recommended by the DVGW [19] , should not be exceeded in order to reduce material stress and prevent new pipe bursts. In some cases, the further reduction of the outlet pressure of conventional PRVs should be reconsidered, in order to alleviate the water network and reduce the water losses additionally. Moreover, the implementation of advanced pressure management strategies should be weighed up, considering both the benefits and the investment costs. Here, depending on the boundary conditions of the water network and the leak type, water savings up to 45% can be achieved.
As proposed by EWID, in addition to the water loss reduction, the energy recovery by complementing PRVs with pumps as turbines, might be an attractive option for some water supply networks. The goal here is to combine energy recovery and advanced pressure management, taking the real time conditions within the supply area (critical-point-modulation) into account. At the moment, extensive testing is being carried out on a small-scale test stand at the University of the Federal Armed Forces Munich. The testing facilities were designed according to the boundary conditions of two selected supply networks in Germany, where the developed system will be installed, optimized and calibrated for continuous operation later on. Preliminary results estimate up to 5 kW energy recovery with a system payback period of 8-11 years, assuming a mean flow of 7-8 l/s and 85 m pressure reduction [15] .
In this study it was confirmed that pressure management is crucial for reducing water loss from background leakage. While big leakages and pipe bursts might be reported quickly, undetectable background leakage might cause high water loss volumes as it cannot be detected and reported on time (long runtime!). However, pressure management cannot be regarded as the unique approach for water loss reduction. Here, strategic rehabilitation planning, considering the actual status/condition of the water network, should be the priority for water supply companies.
Hydraulic modelling is an essential tool for understanding the relationship between flow and pressure in water distribution systems. In this study, the critical points were identified and the optimal pressure requirements (e.g. optimal outlet pressure curve for PRV 1) were determined using EPANET. Afterwards, using the calibrated model, the water leakages were simulated in order to estimate the water savings by implementing different pressure management strategies. Nevertheless, it must be mentioned that leak modelling requires a high expertise with respect to the pressure coefficients and exponents shown in eqn (3). The leak flow and, therefore, the water savings are very sensitive to the applied pressure exponent γ. Furthermore, as already reported by Lambert, the flow conditions (laminar or turbulent) have a high influence in the leak flow [6] . For this, a detailed experimental validation or a further verification of leakage modelling in field studies is needed.
